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Single channelP2X7 receptors (P2X7Rs) are nonselective cation channels that are opened by the binding of extracellular
ATP and are involved in the modulation of epithelial secretion, inﬂammation and nociception. Here,
we investigated the effect of extracellular anions on channel gating and permeation of human P2X7Rs
(hP2X7Rs) expressed in Xenopus laevis oocytes. Two-microelectrode voltage-clamp recordings showed that
ATP-induced hP2X7R-mediated currents increased when extracellular chloride was substituted by the organic
anions glutamate or aspartate and decreased when chloride was replaced by the inorganic anions nitrate,
sulfate or iodide. ATP concentration–response comparisons revealed that substitution of chloride by glutamate
decreased agonist efﬁcacy, while substitution by iodide increased agonist efﬁcacy at high ATP concentrations.
Meanwhile, the ATP potency remained unchanged. Activation of the hP2X7R at low ATP concentrations via the
high-afﬁnity ATP effector site was not affected by the replacement of chloride by glutamate or iodide. To analyze
the anion effect on the hP2X7R at the single-molecule level, we performed single-channel currentmeasurements
using the patch-clamp technique in the outside-out conﬁguration. Chloride substitution did not affect
the single-channel conductance, but the probability that the P2X7R channel was open increased when
chloride was replaced by glutamate and decreased when chloride was replaced by iodide. This effect
was due to an inﬂuence of the anions on the mean closed times of the hP2X7R channel. We conclude
that hP2X7R channels are not anion-permeable in physiological Na+-based media and that external anions
allosterically affect ion channel opening in the fully ATP4-liganded P2X7R through an extracellular anion
binding site.to cations; hP2X7R, human
6; fax: +49 345 55 27899.
k), gschmalzing@ukaachen.de
(F. Markwardt).
rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
P2X7 receptors (P2X7Rs), which are expressed in secretory epi-
thelial cells [1] and in the cells of the immune and inﬂammatory sys-
tems [2], are nonspeciﬁc cation channels. P2X7Rs are opened by
extracellular ATP, which is secreted into the extracellular space under
pathological conditions such as cell necrosis, hypoxia or platelet aggre-
gation [3]. P2X7R activation is involved in several pathophysiological
processes, including the release of the inﬂammation-promoting inter-
leukin 1ß (IL-1β), the killing of intracellular bacteria, the formation
of multinuclear giant cells, renal ﬁbrosis, and neuropathic and inﬂam-
matory pain [2]. In the dorsal horn of the spinal cord, ATP released
from strongly activated or damaged afferent nociceptive neurons may
activate microglial cells via P2X7Rs [4]. Because of its involvement inthese pathological processes, P2X7R has become a promising pharma-
cological target [5] for the treatment of inﬂammation and pain.
P2X7R activation is modulated by extracellular organic signaling
molecules, which may upregulate (e.g., lipopolysaccharide and
interferon-γ [6], IL-1β [7], TNF-α [8]) or downregulate (e.g., IL-4
and Il-10 [8]) P2X7R-dependent signaling. However, inorganic
ions can also inﬂuence P2X7R-mediated cellular events [9]. Divalent
cations such as Ca2+, Zn2+, Cu2+, and Mg2+[10–12], as well as protons
[13,14], inhibit P2X7R activation. Replacement of extracellular Cl− ions
by I- reduces the P2X7R-mediated ion current [15], the uptake of the
cationic dye Yo-Pro-1 [14], and the processing and secretion of IL-1β
[16]. The substitution of extracellular Cl−with the organic anions gluta-
mate (Glu−), aspartate (Asp−) or gluconate (Glc−) exhibits inconsis-
tent effects. It increases P2X7R-dependent ion currents in the rat
neuroblastoma–mouse glioma cell line [15] and in the FRTL rat thyroid
cell line [17], but it reduces P2X7R-mediated currents inmurine parotid
acinar and duct cells [18]. hP2X7R-dependent Yo-Pro-1 [14,19] and
rat P2X7R (rP2X7R)-mediated ethidium+ uptake [20] is increased
by Cl− replacement with Glu− or Glc−, respectively. In hP2X7R-
expressing HEK cells, the replacement of extracellular Cl− by Glu− or
Asp− increases the potency of the agonist BzATP, while substitution
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Cl− by Glc− enhances the P2X7R-dependent secretion of IL-1β in
primary mouse bone marrow-derived macrophages and in THP-1
human monocytes/macrophages [16]. In contrast, the substitution
of extracellular Cl− by gluconate- suppresses P2X7R activation-
induced cell shrinkage in murine splenic T lymphocytes [21] and in
chicken DT40 lymphocytes expressing rP2X7R, in which rP2X7R-
mediated LDH release is also blocked [20].
The effect of extracellular Cl− substitution on P2X7R-mediated
cell function may be complex. Apart from the direct effects of anions
on the P2X7R, indirect effects may include the secondary activation
of other ion channels that modulate ATP-induced ion ﬂuxes and
membrane potential changes. Accordingly, the exchange of an extra-
cellular anion species may affect ion ﬂuxes through anion channels
that are co-expressed with P2X7Rs in immune and epithelial cells
[22]. In HEK 293 cells expressing the mouse P2X7R, ATP-induced
anion currents have been reported [23]. The substitution of Cl−
by large organic anions such as Glu−, which normally permeate
anion channels less readily than the smaller Cl− [24], will lead to
increased Cl− efﬂux accompanied by cell membrane depolarization.
The resulting diminished inwardly directed driving force for cations
would decrease all P2X7R-mediated effects that are due to Na+
or Ca2+ inﬂux. In contrast, a more pronounced depolarization
would increase the K+ efﬂux, which is believed to be involved in
IL-1β processing [2]. Furthermore, prolonged application of P2X7R
agonists leads to an increase in cell membrane conductance, which
seems to be mediated by dilatation of the P2X7R ion channel
pore or P2X7R-dependent activation of other ion-conducting
membrane proteins [9]. To address these issues, we examined the
effects of anions on the function of the hP2X7R, which was
heterologously expressed in Xenopus laevis oocytes. By using the
voltage-clamp technique, membrane potential-dependent effects
could be excluded. The use of oocytes in Ca2+ and Mg2+-free extra-
cellular solutions also simpliﬁed the experimental conditions and
prevented the activation of Ca2+-dependent ion currents. To gain
insight into the effect of extracellular anions on the hP2X7R at
the molecular level and to avoid overlay of the measured ATP-
dependent current by ion conductances other than those mediated
by the P2X7R, we also performed single-channel current measure-
ments. The anion species-induced alterations of the macroscopic
current conductance were reﬂected at the single-channel level by
changes in the probability of hP2X7 channel-opening events.
2. Materials and methods
2.1. Expression of the hP2X7R and its mutants in X. laevis oocytes
Linearized templates of oocyte expression plasmids encoding
the wild-type hP2X7R subunit (accession no. Y09561 [25]) and
its hP2X7RS339Y mutant [13] were transcribed into capped cRNA as
previously described [26]. Collagenase-defolliculated stage V or VI
oocytes [13] were injected with 2 ng of the wild-type or mutant
hP2X7R cRNA and maintained at 19 °C in Barth's solution (100 mM
NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.4) supplemented
with penicillin (100 U/ml) and streptomycin (100 μg/ml) until they
were used 1–3 days later.
The maintenance of and operation on frogs were approved by the
local animal welfare committee (ref no. 53a-42502/2-173) and are in
compliance with EC Directive 86/609/EEC for animal experiments.
2.2. Two-electrode voltage-clamp (TEVC) recordings
Microelectrodes ﬁlled with 3 M KCl with resistances of 0.8–1.2 MΩ
were impaled into oocytes superfused with frog Ringer's solution
(ORi: 90 mM NaCl, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, pH 7.4). Currents were recorded at room temperature(~22 °C) using an oocyte clamp OC-725C ampliﬁer (Warner Instru-
ments, Hamden, USA), ﬁltered at 100 Hz and sampled at 85 Hz, essen-
tially as previously described [13]. Switching between the different
bathing solutions was achieved within less than 1 s by a set of
computer-controlled magnetic valves using a modiﬁed U-tube tech-
nique [26].
Subsequent measurements of the hP2X7R-dependent currents
were performed in bathing solutions consisting of 100 mM
NaX, 5 mM HEPES, and 0.1 mM EGTA, pH 7.4, where X denotes
the extracellular anion that was used. In the case of the divalent
anion SO42−, the Na2SO4 concentration was reduced to 70 mM
for osmotic reasons. Ca2+-free solutions were supplemented with
0.1 mM ﬂufenamic acid to block the conductance evoked by exter-
nal divalent cation removal. The hP2X7R-mediated inward currents
were elicited by switching for 6 s to a bathing solution that also
contained free (i.e., non-complex) ATP (ATP4−) at the concentra-
tions indicated in the text and ﬁgures. The interval between agonist
applications was usually 4 min.
Ramp currents were measured during 300-ms-long voltage ramps
applied every 1 s between−60 and+40 mV. Between the ramps, the
holding potential was maintained at−40 mV. The ATP-induced ramp
currents were calculated as the difference between the ramp currents
before and during the ATP application.
2.3. Single-channel recordings
Single-channel currents were recorded using the patch-clamp
technique in the outside-out conﬁguration using an Axopatch 1D
patch clamp ampliﬁer as previously described (Axon Instruments,
Foster City, Ca., USA) [27]. Currents were ﬁltered at 1 kHz and
sampled at 5 kHz. Patch pipettes were pulled from borosilicate
glass, coated with Sylgard (Dow Corning Corp., Midland, MI, USA)
and ﬁlled with a solution consisting of 90 mM aspartic acid,
10 mM CsCl, 10 mM EGTA, 10 mM BAPTA, 10 mM HEPES and
0.5 mM MgCl2, pH 7.2 (adjusted with CsOH). The resistances of
the patch pipettes were 10–15 MΩ when measured in frog Ringer's
solution.
The bathing solutions consisted of 100 mMNaX, 0.5 mM CaCl2 and
5 mM HEPES, pH 7.4 (adjusted with NaOH/HCl), where X denotes the
salt anion. ATP-evoked currents were elicited by manually placing the
tip of the patch pipette into the outﬂow stream of a U-tube containing
the bathing solution plus 0.1 mM ATP4−. Steady-state single-channel
currents were recorded 1 s after ATP application.
Ramp currents were measured during voltage ramps of 1 s between
−120 and+60 mV, which were applied every 2 s. Between the ramps,
the holding potential was maintained at −120 mV. Ramp currents
without channel openings were subtracted to remove capacitive and
leak currents from the values.
The reference electrodes were connected to the bath by 3 M KCl–
agar bridges. The remaining diffusion potentials were measured
according to a previously published method [28]. In Glu- or Asp-
based extracellular solutions, this potential was ~−10 mV and was
corrected accordingly. The diffusion potential for bathing solutions
containing other anions was negligible.
2.4. Data analysis
The data were stored and analyzed on a personal computer. For
ion current recording and analysis, a software system developed
in our department was used (Superpatch 2000, SP-Analyzer by
T. Böhm). For the construction and analysis of single-channel current
histograms, the computer program ASCD was used (generously pro-
vided by G. Droogmans, Catholic University Leuven, Belgium)
[27]. The SigmaPlot program (SPSS, Chicago, USA) was used for
non-linear approximations and graphical representations of the
data. The data are reported as the mean±SEM. The statistical data
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(Pb0.05) of the differences between the means was tested using
the multiple t-test (Bonferroni) of the program SigmaStat (SPSS).
3. Results
3.1. The effects of extracellular anions on hP2X7R-mediated whole-cell
currents
As an initial screening step, we measured the effects of different
extracellular anion species on ATP-induced currents in hP2X7R-
expressing oocytes. The measurements were performed in a Ca2+-
free extracellular solution to avoid the activation of secondary
conductances by an increase in the intracellular Ca2+ concentration
due to a Ca2+ inﬂux via the ATP-activated hP2X7R ion channel.
Compared to extracellular Cl− (Fig. 1A), Glu− (Fig. 1B) and Asp−
(Fig. 1D) increased the hP2X7R-dependent currents, while the inor-
ganic anions I− (Fig. 1C), NO3−, and SO42− (Fig. 1D) decreased the
currents.
To quantify the blocking effect of the strongest inhibitory anion,
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Fig. 1. The effect of extracellular anions on hP2X7R-dependent whole-cell currents. A–C, Exa
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can be mathematically described by Eq. (1):
Iact;rel =
1
1 +
I−½ 
10pKD
  ð1Þ
where Iact,rel is the current amplitude induced by a 6-s application of
0.1 mM ATP4− in external solution as a function of I− concentration
([I−]) and normalized to the current amplitude elicited by 0.1 mM
ATP4− in a Cl-based external solution (without I−) in the same oocyte.
A pKD of 1.21±0.07 was determined, which corresponds to an IC50
value of 62 mM I-. This is, however, only a rough approximation
because the I− concentration was not increased beyond 100 mM for
osmotic reasons.
Anion species-speciﬁc effects on the hP2X7R-dependent currents
were observed both at the holding potential of −40 mV and when
the currents were measured during voltage ramps (Fig. 2). External
Glu− increased the slope of the conductance relative to Cl–, while ex-
ternal I- decreased the slope (Fig. 2A–C, D). Changing the extracellular
anion species had no signiﬁcant effect on the reversal potential (Vrev)
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the hP2X7R-dependent currents, we measured ATP4- concentration–
response curves in Ca2+-free bathing solutions based on Cl− (as
a control reference), the stimulating anion Glu− or the inhibiting
anion I- (Fig. 3). The data were ﬁt to Eq. (2):
Iact;rel =
Irel;max;1
1 +
10pKD1
ATP4
 
 !2 + Irel;max;2
1 +
10pKD2
ATP4
 
 !2 ð2Þ
Eq. (2) describes the activation of hP2X7R-dependent ion currents
via high- and low-afﬁnity ATP effector sites [29]. Iact,rel has the same[ATP4-] (mM)
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Fig. 3. The inﬂuence of extracellular anions on the ATP4- concentration dependence of
the hP2X7R-dependent ion currents. Currents were measured in Ca2+-free bathing so-
lutions. Data were ﬁtted using Eq. (2), and the results of the ﬁt are given in Table 1. The
means are from 5 to 13 oocytes.meaning as in Eq. (1). Irel,max,1 and Irel,max,2 are the maximal relative
current amplitudes at agonist concentrations that saturated the
high- and low-afﬁnity effector sites with pKD1 and pKD2, respectively.
pKD1 and pKD2 are the negative decadic logarithms of the apparent
ATP dissociation constants. The resulting values demonstrate that
the extracellular anion species did not affect the ATP potency
(Table 1). The anion exchange of Cl−with Glu− or I− increased or de-
creased the ATP efﬁcacy at the low-afﬁnity effector site, respectively.
The ﬁtted curve also indicates that the potency of ATP was slightly
greater in the Glu-based solution than in the I-based solution.
3.2. The effects of external anions on the hP2X7S339Y mutant lacking the
low-afﬁnity effector site
Low micromolar concentrations of ATP can partially activate the
hP2X7R via a high-afﬁnity ATP effector site [29]. Activation via thisTable 1
The effects of extracellular anions on the ATP4− concentration dependence of the
hP2X7R.
Anion Irel,max,1 pKD1 EC501
(μM)
Irel,max,2 pKD2 EC502
(μM)
Cl− 0.98±0.14 5.28±0.16 12.7 1.77±0.14 3.44±0.12 877
Glu− 0.96±0.17 5.74±0.22 4.4 4.62±0.18* 3.77±0.06 410
I− 0.49±0.07 5.13±0.18 17.9 0.73±0.08$ 3.25±0.17 1360
The EC50 values were calculated according to Eq. (2) as:
EC50 =
10pKDﬃﬃﬃ
2
p
−1
Different symbols denote statistically different means. For pKD2, the values for Glu−
and I− were signiﬁcantly different from each other, but not from that of Cl−.
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high-afﬁnity site is saturated at ~0.1 mM ATP4−. [13,29,30]. To selec-
tively investigate the anion effect on the high-afﬁnity ATP effector
site of the hP2X7R, we used the hP2X7S339Y mutant, which lacks a
functional low-afﬁnity effector site [13]. Neither Glu− nor I− had a
signiﬁcant effect relative to Cl− on the hP2X7S339Y currents induced
by saturating ATP4− concentrations (Fig. 4).
3.3. The effect of extracellular anions on hP2X7Rs at the single-channel
level
To determine whether extracellular anions directly affect the
hP2X7R by acting on the channel pore or the gating, we recorded theglutamate
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expressing the wild-type hP2X7R. We have previously shown that
resolvable hP2X7R-dependent single-channel current events depend
on the activation of the low-afﬁnity ATP effector site, which occurs
in the range of 0.01–10 mM ATP4−[13,27]. Therefore, single-channel
recordings are sensitive to changes resulting from an effect of extra-
cellular anions on the opening of the hP2X7R channel via the low-
afﬁnity activation site.
To probe for anion effects on the hP2X7R channel pore, voltage
ramps were applied during channel openings induced by 0.1 mM
ATP4− (Fig. 5A–C). Changes from the normal Cl-based bathing solu-
tion to solutions based on Glu− or I− did not affect either the single-
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channel currents measured at a constant holding potential of−40 mV
(Fig. 6) in which the single-channel current amplitude was unaffected
by extracellular Glu− or Ι− (Fig. 6G). However, the opening probabil-
ity of the hP2X7R-dependent ion channels signiﬁcantly increased
when Cl− was substituted by Glu−, and it decreased when Cl− was
substituted by I− (Fig. 6H).
A closer examination of the hP2X7R single-channel kinetics with
dwell time histograms (Fig. 7) reveals that the mean open timeswere not inﬂuenced by the extracellular anion species tested
(Fig. 7G). However, external Glu− signiﬁcantly decreased the mean
closed times, while external I− signiﬁcantly increased them, com-
pared to external Cl− (Fig. 7H). Based on the effects of anions on
the ATP4− concentration–response curves and the single-channel
current events, we conclude that the anion-dependent changes in
the currents result from a change in the ability of the hP2X7R chan-
nels to open in the fully ATP-liganded state, in which channel opening
is facilitated by Glu− and hampered by I−.
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4.1. External anions modulate hP2X7R activation subsequent to ATP
binding
Our results are consistent with those of Kaiho et al. [15], who
found a stimulatory and inhibitory effect of external Asp− and I−,respectively, on ATP-induced ion currents in NG108-15 cells, a
mouse neuroblastoma–rat glioma hybrid cell line that likely ex-
presses endogenous mouse P2X7Rs [31]. In contrast to the report
of Kaiho et al., the effect of the external anion species on the ATP po-
tency at the P2X7Rwas not signiﬁcant in our experiments. Species dif-
ferences may account for this discrepancy. Furthermore, an increase
in the agonist efﬁcacy usually leads to an increase in the apparent
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ions on the hP2X7R [33]. Although our measurements also indicated
this effect, statistical signiﬁcance was not reached.
The human P2X7R is activated via ATP activation sites with differ-
ent apparent afﬁnities [13,29], which is supported by the biphasic ATP
concentration–response curve of the hP2X7R-dependent whole-cell
currents (Fig. 3). Comparison of the ATP4− concentration dependen-
cies revealed that the substitution of Cl− by Glu− or I− signiﬁcantly
affected the efﬁcacy of ATP (reﬂected by the maximal ATP-induced
currents) only at the low-afﬁnity site (i.e., the site activated by high
ATP concentrations). This conclusion is supported by our observation
that anions have no effect on the hP2X7RS339Y mutant, which is acti-
vated only via the high-afﬁnity effector site [13]. The lack of an anion
species-speciﬁc effect on hP2X7R activation at low ATP concentra-
tions is likely also responsible for the incomplete inhibition of
hP2X7R currents by external I− (Fig. 1F). In support of such a view,
I− blocks the mouse P2X7R current by more than 90% (data
not shown), apparently because ATP activation at the high-afﬁnity
effector site contributes only slightly to the total current mediated
by the mouse P2X7R [34]. Because external anions modulated
hP2X7R-mediated whole-cell currents without changing the ATP
potency, we infer that anions affect hP2X7R activation subsequent
to ATP binding.
4.2. External anions affect the mean closed time between ATP-induced
hP2X7R channel openings
Activation of the hP2X7R via the low-afﬁnity ATP4− effector site is
responsible for the entire single-channel activity [13,27,30]. In full
agreement with the macroscopic effect of the extracellular anions
on the ATP efﬁcacy at the low-afﬁnity effector site, Glu− potentiated
and I− inhibited the hP2X7R-dependent single-channel activity.
The anion effect was mediated by a change in the mean closed time
between channel openings in the order Glu−bCl−b I−, which results
in a stimulation of channel openings (mean open probability) in the
order Glu−NCl−N I−. The increase in the open probability achieved
with Glu− at the nearly saturating concentration of 1 mM ATP4- con-
ﬁrms the hypothesis that Glu− increases ATP efﬁcacy.
Because exchanges of the external anion species did not affect the
single-channel conductance, we infer that anions leave the hP2X7R-
conducting pathway unaltered and affect channel gating exclusively.
This conclusion supports the view that the hP2X7R channel is
anion-impermeable and contrasts with ﬁndings that P2X7Rs may be
permeable to anions such as Cl−, Glu− and even ATP4−[23,35,36].
The impermeability of the hP2X7R to anions is supported by our
previous ﬁndings: ATP-induced whole-cell currents in hP2X7R-
expressing human B lymphocytes are not changed by replacing in-
tracellular Cl− with Glu−[37]. Furthermore, single-channel currents
are strongly reduced when extracellular Na+ is replaced by Tris+.
The small hP2X7R-dependent single-channel current remaining
after Na+ substitution by Tris+ indicates that the Cl− permeability
even under Na+-free conditions is less than 20% of the Na+ perme-
ability [33], if it exists at all. We conclude that external anions exert
their modulating effect on hP2X7R channel gating by means of an
extracellular allosteric binding site.
4.3. Possible biological relevance of the anion effect on the hP2X7R
This work ﬁrst aimed to identify biophysical features that deter-
mine the activity of the hP2X7R, independent of their speciﬁcFig. 7. The effect of extracellular anions on the hP2X7R single-channel current kinetics. A–F,
from a single-channel patch in a bathing solution with the indicated anions at 0.1 mM ATP4
mean open or shut times (τo,1 and τo,2 or τo,1 and τc,2, respectively) as indicated. G, H, Stat
open and shut times. Only the long mean shut times were signiﬁcantly dependent on the a
dicated concentration of ATP4− at a holding potential of −120 mV. N=4 to 10 patches frobiological relevance. Changes in the concentrations of extracellular
Cl− and Glu− that are large enough to affect the hP2X7R activity in
vivo by the mechanism described in this paper may occur only
under pathological circumstances. For instance, in the spinal cord,
the Glu− concentration may signiﬁcantly increase in the extracellular
space between neighboring P2X7R-expressing glial cells and gluta-
matergic neurons if the latter are overstimulated under pathological
conditions such as nerve injury. Glial cells are activated by ATP
and Glu−, which are secreted by injured neurons. The ensuing Glu−
secretion from activated microglia may further increase the Glu−
concentration and, consequently, the microglial activation by the
Glu-enhanced activity of the P2X7Rs [4,38,39]. Neurons may interact
with astroglial cells in a similar manner [38,40]. The known function
of astroglial cells as a Glu− sink may be impaired by the strong neu-
ronal activity that leads to depolarization of the astroglia by the re-
placement of Cl− with released Glu−, thus reducing the driving
force for Cl− inﬂux. ATP co-released from nerve endings can further
depolarize glial cells by activating P2X7Rs [38]. The latter effect may
be potentiated by extracellular Glu−. The depolarization and the
P2X7R-mediated increase of the glial intracellular Na+ concentration
reduce the driving force for Glu− uptake by transporters [41].
P2X7Rs are also expressed in phagosomes [42] and secretory
vesicles [43]. In the vesicles of thyroid epithelial cells, accumulated
I− may hamper the channel function of P2X7Rs. The functional im-
pact of this proposed mechanism remains unclear, however.Acknowledgements
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